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One of the key factors affecting the economic viability and safe deployment of wood pellet ﬁred systems
on a large scale is wood pellet stability. Wood pellets are extremely moisture unstable and present
signiﬁcant problems during the transportation, storage and handling stages of their lifetime. This study
proposes an approach for creating moisture stable wood pellets through the addition of hydrophobic
coatings. Pellets were treated with parafﬁn oil, castor oil, mineral oil and linseed oil and submerged in
water for up to 1800 s. The strength of untreated pellets was found to decrease by around 94% after being
submerged for 60 s, whereas no appreciable reduction in pellet strength was recorded after 1800 s in all
of the oil treated cases. Treatment with oil was also found to reduce the formation of airborne ﬁnes and
increase the energy density of wood pellets, increasing their HHV by up to 1.2 MJ kg1.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The world wood pellet market has grown signiﬁcantly in recent
years and presents an exciting new prospect for the solid fuels
market. Global production in 2012 was as high as 22.4 million
tonnes, a level constituting an increase of more than 55% compared
to production levels recorded in 2010, and pellet production ca-
pacity rose to a high of approximately 29.3 million tonnes per
annum [1e4]. The European Union (EU) is currently the world
wood pellet market leader and produces approximately 50% of the
world's wood pellets, while it consumes around 67% of worldwide
demand [1,2,4,5]. However, signiﬁcant growth can be observed
elsewhere across the globe. Increases in production capacity in the
United States (US), Russia and Canada were recorded to be greater
than any other competing European country between 2009 and
2010, and currently the US has the greatest production capacity
worldwide [1]. Wood pellets are currently one of the largest
internationally traded solid biomass fuels, and as capacity and
production increases across the globe, international trading is set to
increase even further [6].
However, where international shipments are necessitated,(J.M. Craven), v.n.shariﬁ@
Ltd. This is an open access article ulogistical challenges are encountered. Although wood pellets pre-
sent advantages over competing solid biomass fuels in terms of
their moisture content and energy density, the handling of wood
pellets requires care due to their lowmechanical stability [6]. Wood
pellets are well known for being moisture unstable and present
signiﬁcant problems during the transportation, storage and
handling stages of their lifetime [8]. Due to their high hygroscop-
icity, wood pellets readily disintegrate when wetted. This disinte-
gration and loss of mechanical stability is typically accompanied by
a large increase in volume and can cause signiﬁcant structural
damage to transportation and storage devices [9]. Moisture uptake
can also lead to increased rates of biological activity, rotting of the
material and self-heating. Such processes act to decrease the
heating value of the fuel and prompt the generation of combustible
gases which pose a signiﬁcant hazard when contained [9].
In addition to problems relating to hygroscopicity, wood pellets
present a signiﬁcant problem when they are in their dry state.
Mechanical instability leads to the generation of ﬁnes during
handling, and when combined with insufﬁciently ventilated areas,
hot surfaces and/or electrical equipment, hazardous conditions
prevail [9].
Previous work has explored the use of additives such as ligno-
sulphonate, dolomite, starch, corn ﬂour, potato ﬂour and kraft
lignin as binding agents to improve the characteristics of wood
pellets [10e12]. However, such additives do not act to markedly
improve the moisture stability of wood pellets. The aim of thisnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 2
Density, viscosity and HHV of oils used for wood pellet treatment.
Oil Density (kg m3) Viscosity, 25 C (Pa s) HHV (MJ kg1)
Parafﬁn 870 0.12 44.7
Castor 965 0.91 35.9
Mineral 868 0.04 44.6
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phobictity of wood pellets and in turn increase their overall me-
chanical stability through reducing their hygroscopicity. Pellets will
be encapsulated using a range of oils and the effect such oils have
on the hydrophobictity, grinding behaviour, heating value and
combustion properties of wood pellets will be analysed.Linseed 957 0.03 37.72. Materials and methods
2.1. Materials
The wood pellets used in this study were procured from CPL
Distribution Ltd and are certiﬁed according to ENplus A1. Pellets are
6 mm in diameter and are made from chemically untreated resi-
dues from the wood processing industry. An overview of the main
parameters relating to the pellets used in this study is shown in
Table 1.
In this study, the primary method of pellet encapsulation was
treatment with oil. The oils used in this study were parafﬁn oil,
castor oil, mineral oil and linseed oil, all of which were procured
from SigmaeAldrich UK Ltd. Table 2 provides an overview of each
of the oils in terms of their density, viscosity and higher heating
value (HHV).2.2. Methods
2.2.1. Pellet coating
Each oil was applied via two methods. When assessing indi-
vidual pellet strength and the mass uptake of oil on a single pellet
basis, single pellets were submerged in 100 cm3 of oil at room
temperature for up to 10 s to ensure saturation. Pellets were sub-
merged in each of the oil samples at time intervals of 1 s, 2 s, 3 s, 5 s
and 10 s in order to gauge the effect of time on oil absorption.
Pellets were then air dried for 24 h on a coarse mesh to allow
excess oil to be removed via gravity. A total of ten samples were
tested for each time increment and each oil treatment, and sub-
sequent testing with the pellets was carried out immediately after
the drying stage.
Treatment on a bulk basis for use in the milling tests was carried
out in 0.14 kg batches. 5 cm3 of oil was syringed into a volumetric
beaker, the batch of wood pellets was then placed on top of the oil
and then a further 5 cm3 of oil was added on top of the pellets.
Pellets were stirred for 300 s until evenly coated and air dried forTable 1
Overview of the main parameters relating to the wood pellets used in this study.
Parameter Value Unit Relevant standard
Diameter 6 mm e
Length 3.15  L  40 mm e
Bulk density 651 Kg m3 EN 15103
Net caloriﬁc value 18.4 MJ kg1 EN 14918
Moisture content 10 wt% EN 14774-1
Fines (<3.15 mm) 1 wt% EN 15149-2
Mechanical durability 97.5 wt% EN 15210-1
Ash content 0.7 wt% EN 14775
Ash melting temperature 1473 K EN 15370-1
Chlorine content 0.02 wt% EN 15289
Sulphur content 0.03 wt% EN 15289
Nitrogen content 0.3 wt% EN 15104
Copper content 10 mg kg1 EN 15297
Chromium content 1 mg kg1 EN 15297
Arsenic content 0.5 mg kg1 EN 15297
Cadmium content 0.1 mg kg1 EN 15297
Mercury content 10 mg kg1 EN 15297
Lead content 10 mg kg1 EN 15297
Nickel content 100 mg kg1 EN 1529724 h on 5 sheets of KimberlyeClark industrial 2-ply cleaning towel
to ensure any excess oil present on the pellets surface was absorbed
and removed. A total of ten samples were prepared for each oil
treatment.
Pellets treated on a bulk basis were used in conjunction with
tests carried out to assess the milling properties of oil treated
pellets and their respective HHV.
2.2.2. Three point ﬂexural testing
Three point ﬂexural tests were used in lieu of the pellet test
stated in BS EN 15210-1 which states the methods and apparatus
required for the determination of mechanical durability of pellets.
Three point ﬂexural tests were used due to comparable results
between untreated and oil treated pellets being unable to be
generated using the apparatus stated in BS EN 15210-1. While
comparable results between untreated and oil treated pellets are
able to be determinedwhen in their dry state, the equipment stated
in BS EN 15210-1 is insufﬁcient for untreated pellets after being
submerged in water.
To provide comparable results between untreated and oil
treated pellets, pellets were therefore subject to three point ﬂexural
tests in order to determine pellet strength. Pellet strength was
assessed using a Zwick Roell Z050 tensile tester. Pellets sized be-
tween 26 mm and 28 mm were seated horizontally on a span
measuring 20mm. A 5000 N load cell was ﬁtted to the tensile tester
and a load was applied with an advancing speed of 8.3 mm s1. A
force was exerted and recorded at the midspan of the pellet until
failure was recorded. Treated pellets were tested after being sub-
merged for 180 s, 600 s, 1200 s and 1800 s, and untreated pellets
were tested after being submerged for 30 s, 60 s and 180 s. A total of
ten samples were prepared for each time increment and for each oil
treatment.
2.2.3. Milling and particle size analysis
Pellets were both milled as received and after treatment with
oil. A Retsch PM100 planetary ball mill ﬁtted with a 500 cm3
stainless steel bowl and eight 30 mm diameter stainless steel balls
was used for all of the milling tests. A rotational speed of 3.33 Hz
(200 rpm) was maintained constant throughout, and the length of
milling time was varied up to a maximum of 1800 s.
Initial work was carried out with untreated pellets in 0.05 kg
batches, milling at time intervals of 60 s, 180 s, 300 s, 420 s and
600 s. However, such a mass per batch was found to be too low for
work with pellets treated with oil. Milling was not found to take
place with such a mass per batch, with the balls rotating freely and
in turn not interacting with the material. Increasing the mass per
batch of the oil treated pellets was found to have a favourable effect
on the milling behaviour. Consequently, pellets treated with oil
were milled in 0.145e0.15 kg batches at time intervals of 300 s,
600 s, 900 s, 1200 s and 1800 s. In all of the cases incorporating the
treated pellets, themass per batch corresponds to a startingmass of
0.14 kg of untreated pellets plus the additional mass of the oil used
for treatment. Milling of the untreated pellets was examined with a
mass per batch equal to that used for the treated pellets (0.14 kg);
however, pellets were found to mill insufﬁciently compared to
smaller batches.
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bution of the batch was determined using a Retsch AS200 basic
vibratory sieve shaker ﬁtted with Retsch particle sieves conforming
to the standard ISO 3310-1. Sieves sized at 2 mm, 1 mm, 250 mm,
200 mm and 125 mm were used to assess the generation of ﬁnes
through milling.
2.2.4. Heating value and thermogravimetric analysis
The HHV of each oil was determined using a Parr 6200 iso-
peribol bomb calorimeter ﬁtted with Ni-alloy fuse wire. Pure oxy-
gen was used as the oxidant. The HHV of each wood pellet sample
was then determined via a mass and energy balance.
Thermogravimetric (TG) analysis was carried out using a Per-
kinElmer TGA 4000 to determine the moisture, volatile, ﬁxed car-
bon and ash content of each of the pellet samples. Samples were
put under a nitrogen atmosphere, heated to a temperature of 313 K
and held there for 60 s prior to testing. Samples were then heated
further from 313 K to 383 K at a rate of 1.08 K s1 and held at 383 K
for 180 s to ensure the complete removal of moisture. Samples were
then heated from 383 K to 1173 K at a rate of 1.67 K s1 and were
held at 1173 K for 480 s to allow the complete removal of all volatile
matter. Samples were then put under an oxygen atmosphere and
completely combusted. Following this stage, samples were then
heated from 1173 K to 1223 K at a rate of 0.83 K s1 before being
returned back to ambient temperature. Approximately 15 mg of
milled material sized at <250 mm was used per test.
3. Results and discussion
3.1. Oil absorption
Table 3 highlights that in all cases, oil absorption is not affected
by time, with absorption of oil on a mass basis being maintained
broadly constant as time is varied.
Bubbles were observed to form on the surface of pellets during
absorption tests, indicating internal void spaces. Therefore, it was
envisaged that oil absorption may be dependent on such void
spaces and in turn, particle density. However, measuring individual
pellet density and plotting particle density with absorption either
on a mass or a volumetric basis highlighted no clear trend and
therefore indicates that absorption is not directly related to the void
space present within pellets. Moreover, this suggests that absorp-
tion takes place on active sites within the pellet as it does with
wood species in their raw form, with the oil binding to hydroxyl
groups contained within the cellulosic and hemi-cellulosic struc-
tures via Van der Waals forces [13]. The proportion of such struc-
tures varies greatly between different wood species and so is the
determining factor that affects the amount of oil absorbed. Wood
pellets are rarely made from one single species of wood as sawdust
generated from sawmills and the wood processing industry is the
most common starting material for the generation of wood pellets
[9]. As such, wood pellets are generally made from a range of woodTable 3
Absorption of oil by individual pellets and in bulk on a mass basis. Values stated are
the mean from a sample of ten, ± the standard deviation of the dataset.
Mass increase (wt%)
Time (s) Parafﬁn oil Castor oil Mineral oil Linseed oil
1 6.8 ± 0.7 7.8 ± 0.8 6.1 ± 0.5 6.9 ± 0.9
2 6.6 ± 0.4 8.7 ± 1.1 6.2 ± 0.6 7.6 ± 0.5
3 7.3 ± 0.5 8.6 ± 1.2 6.0 ± 0.6 7.5 ± 0.6
5 6.5 ± 0.6 9.0 ± 1.6 6.1 ± 0.6 7.8 ± 0.9
10 7.0 ± 0.5 9.1 ± 1.0 6.2 ± 0.6 7.5 ± 0.4
Bulk 4.4 ± 0.5 6.3 ± 0.3 5.2 ± 0.0 5.2 ± 0.4species and therefore the makeup of an individual pellet varies
greatly. It is supposed that it is for this reason that no direct rela-
tionship between particle density and oil absorption is observed,
and similarly this explains the relatively large error for oil ab-
sorption presented in Table 3.
In addition to oil absorption on an individual pellet basis, oil
absorption on a bulk basis was examined. As stated in section 2.2.1,
10 cm3 of each oil was mixed with a 0.14 kg batch of pellets and the
mass before and after oil absorption was recorded. Table 3 shows
that in all cases the mass increase through oil absorption is lower
when carried out in bulk than on an individual pellet basis. Ab-
sorption on an individual pellet basis generates a mass increase on
average 2.0% higher than when carried out on a bulk basis. Mineral
oil absorption on an individual pellet basis was found to be the
most similar to a bulk basis (1.0% greater), and parafﬁn oil was
found to be the least similar (2.6% greater). The reason for the
difference in mass change is due to the difference in the drying
process. When assessing oil absorption with an individual pellet,
pellets were left to drip dry for 24 h, allowing any excess oil to be
removed via gravity. However, when assessing oil absorption on a
bulk basis, pellets were left to dry on an absorbent material,
allowing both excess and surface oil to be removed. Due to the high
viscosity of each of the oils, surface oil was found throughout
testing individual pellets.
3.2. Pellet strength and hydroscopicity
Fig. 1 shows how a typical wood pellet behaves when sub-
merged in water both before and after being treated with oil. The
untreated pellets were found to swell immediately after being
submerged, with noticeable signs of swelling being observed after
30 s. Wood pellets were found to swell in the presence of water in
the same way that wood in its raw form swells. Hydroxyl groups
contained within the hemi-cellulosic and cellulosic structures in
the wood cell wall provide sites where water molecules can form
hydrogen bonds [13e15]. As the water is absorbed, the volume of
the cell wall increases, increasing roughly in proportion to the
volume of water absorbed. This process takes place until the ﬁbre
saturation point is reached and in turn no further water can be
absorbed [13]. As wood pellets are made from a series of small
particles bound together, swelling causes pellets to break up irre-
versibly. In this case, wood particles were initially shown to sepa-
rate from the surface of the wood pellets, revealing lateral cracks
along the length of the pellet. Such cracks were found to lead to the
disintegration of wood pellet structures.
Minimal changes were observed in all cases of the treated pel-
lets after being submerged for 1800 s. Wood particles were shown
to separate from the surface of the oil treated pellets in all cases
after 600 s with the linseed and mineral oil treated pellets showing
initial signs of wood particle separation after 300 s. Such processes
occur due to the relatively weak Van der Waals interactions be-
tween the oil treatment and the wood pellet structure. As exposure
to water is increased, oil becomes displaced by water which in turn
forms stronger hydrogen bonds with the surface of the wood. After
time, this leads to the disintegration of wood pellets as is found
with untreated pellets. Such a phenomenonwas not found to occur
in appreciable amounts in the time period studied, and comparable
disintegration with untreated pellets was only found to occur after
being submerged for 5400 se7200 s.
From Fig. 1 it can be seen that pellets initially swell laterally, and
then extend longitudinally after extended periods of time. It was
found that untreated pellets increase in diameter by approximately
30e40% after being submerged in water for 180 s and become
fragmented between 300 s and 600 s. Comparatively, water was
found to have a minimal effect on all of the pellets treated with oil
Fig. 1. Degradation of wood pellets after being submerged in water for 180 s, 300 s, 600 s, 1200 s and 1800 s. Treatment method left to right: untreated, parafﬁn oil, castor oil,
mineral oil, linseed oil.
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diameter by around 5e10% after being submerged for 1800 s.
In addition to superﬁcial analysis, treated and untreated pellets
were subject to a three point ﬂexural test to determine pellet
strength both before and after being submerged in 100 cm3 of
distilled water. Initial testing exclusively with untreated wood
pellets showed there to be no direct relationship between pellet
length or density with pellet strength. As is expected, superﬁcial
cracks and signs of wear on the surface of wood pellets were found
to act as nucleation points for further degradation and subsequent
pellet breaking; breaking taking place after exerting little force.
Therefore, prior to three point ﬂexural testing, all pellets were
inspected for cracks and signs of wear and selected accordingly.
Treated pellets were tested after being submerged for 180 s, 600 s,
1200 s and 1800 s, whereas untreated pellets were tested after
being submerged for 30 s, 60 s and 180 s Fig. 2 highlights the force
recorded at specimen failure.
Fig. 2 shows that treatment of wood pellets with oil does not
have an effect on the initial pellet strength, with the strength of
untreated pellets being broadly in line with all treated pellets prior
to being submerged in water. However, it can be seen from Fig. 2
that the strength of untreated pellets is vastly reduced after being
submerged in water, decreasing on average by around 70% of the
initial strength after 30 s, and 94% after 60 s. Comparatively, the
strength of the pellets treated with oil is shown to be maintained
broadly constant in all cases after being submerged in water for up
to 1800 s. Such results highlight treated pellets to be highly mois-
ture stable, maintaining both their shape and strength.One important point arising from Fig. 2 is that the error in each
of the tests is relatively large; the error bars shown in Fig. 2 rep-
resenting the standard deviation of the data recorded. It should
therefore be stated that the results shown in Fig. 2 only provide a
rough guide to pellet strength to highlight the effect of water on
pellet stability rather than acting as absolute values for wood pellet
strength.3.3. Milling behaviour
Fig. 3 highlights a general trend of increasing generation of
particles <2 mmwith increasing milling time in all cases. Similarly,
the proportion of particle sizes <1 mm and <250 mm is also shown
to increase with increasing milling time in all cases with the
exception of the castor oil coated pellets. Particle sizes are shown to
decrease further when pellets have not been treated, and again
Fig. 3 highlights a trend of increasing generation with increasing
milling time. Comparatively, no particle sizes <200 mm were
observed to be retained on particle sieves in any of the cases where
wood pellets were treated with oil.
This is likely to be due to the formation of an impermeable crust
which was consistently observed to form on the surface of the
200 mm sieve during testing with oil treated samples. Vibrating the
200 mm sieve intermittently enabled the crust to be disturbed and
broken, and in turn allowed particles <200 mm to pass through the
sieve. Undertaking microscopy on samples of particles retained on
sieves with apertures >200 mm also highlighted the presence of
particles <200 mm. Such phenomena are likely to occur due to the
Fig. 2. Effect of time submerged in water on pellet strength. Sample size of ten for each time increment and for each oil treatment.
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ticle sizes to adhere to each other and larger particle sizes during
milling. Therefore, Fig. 3 does not present a deﬁnitive account of
particle sizes formed during milling in terms of particles <200 mm
in all cases of the oil treated pellets. Such phenomena were shown
to be particularly pronounced in the case of the castor oil treated
pellets, with an impermeable crust being consistently found to
form on the 250 mm sieve. Examining oil viscosity shown in Table 2
highlights castor oil to be the most viscous of the oils used in this
study and is likely to be a key factor affecting the adhesion of small
particles.
Although this is a potential drawback if pellets are required to be
milled to particle sizes <200 mm, such a phenomenon presents a
natural safety mechanism. Through smaller particle sizes adhering
to larger particles, the volume of airborne particles produced
through milling is reduced. This inherently reduces the chance of
hazardous dust explosions taking place and hazards brought about
through dust layer formation on electrical equipment.
In addition to particle size analysis, the energy required to mill
each of the treated and untreated pellets was recorded using an
Electrocorder AL-2VA data logger. Although milling time varied by
a factor of three between treated and untreated pellets, the energy
requirement can be expressed per unit of mass of fuel milled. The
percentage of particle sizes formed that are <1 mm and <2 mm are
approximately equal across all samples and therefore energy re-
quirements can be considered comparable. An average of
2.10 ± 0.03 MJ kg1 was required to mill the untreated pellets, and
an average of 2.11 ± 0.06 MJ kg1 was required to mill the treated
pellets. Therefore, results indicate that treating pellets with oil does
not greatly affect the energy required for milling.3.4. Combustion properties
Table 4 indicates that treatment of pellets with mineral oil
generates the largest increase in the HHV, bringing about an in-
crease of approximately 1.2 MJ kg1. Mineral oil treatment is fol-
lowed by treatment with parafﬁn oil, castor oil and lastly linseed oil
which brings about an increase in the HHV by approximately
0.9 MJ kg1. Although the HHV of parafﬁn oil is broadly similar to
that of mineral oil, it is found that mineral oil is absorbed prefer-
entially on a bulk basis.
In addition to determining what affect oil treatment has on the
HHV per unit mass of wood pellets, Table 4 highlights what affect
oil treatment has on the bulk energy density of wood pellets.
Table 4 shows that treatment of wood pellets with oil increases the
energy content per unit volume of fuel by on average 11.8%,
whereas the energy content per unit mass is only shown to increase
by on average 5.7%. Therefore, treating wood pellets with oil can
signiﬁcantly improve transportation economics as volume is found
to be the limiting factor. For values relating to the energy content
per unit volume of fuel, a bulk density value of 651 kg m1 was
assumed. Such a value was determined using a volumetric cylinder
of volume 9  103 m3 and a mass balance accurate to ±0.1 g.
The proximate analysis of each sample was determined via TG
analysis. Table 5 shows that in all cases, treatment with oil brings
about an increase in the volatile components and resultantly a
decrease in the level of ﬁxed carbon and moisture per unit mass.
Examining the TG curves for each of the pure oils shown in Fig. 5 it
can be seen that all of the oils used for treatment arise in the vol-
atile region, broadly between 473 K and 773 K. Mineral oil was
found to be the least stable oil with fractions arising around 423 K,
Fig. 3. Particle size analysis of untreated and oil treated wood pellets.
Table 4
Effect of oil treatment on the HHV and bulk energy density of wood pellets. Values
stated are the mean from a sample of ten, ± the standard deviation of the dataset.
Treatment HHV (MJ kg1) Bulk energy density (GJ m3)
Untreated 18.4 ± 0.1 11.9 ± 0.1
Parafﬁn oil 19.5 ± 2.1 13.2 ± 2.0
Castor oil 19.4 ± 1.0 13.4 ± 1.0
Mineral oil 19.6 ± 0.2 13.4 ± 0.2
Linseed oil 19.3 ± 1.5 13.2 ± 1.5
Table 5
Proximate analysis of untreated and oil treated pellets. Values stated are the mean
from a sample of ten, ± the standard deviation of the dataset.
Treatment Moisture (wt%) Volatiles (wt%) Fixed carbon (wt%) Ash (wt%)
Untreated 5.4 ± 0.2 76.3 ± 0.2 18.0 ± 0.1 0.3 ± 0.1
Parafﬁn oil 4.8 ± 0.2 78.2 ± 0.4 16.7 ± 0.2 0.3 ± 0.1
Castor oil 4.4 ± 0.1 78.7 ± 0.2 16.4 ± 0.1 0.5 ± 0.1
Mineral oil 4.8 ± 0.1 78.9 ± 0.1 16.0 ± 0.1 0.3 ± 0.1
Linseed oil 4.7 ± 0.1 78.1 ± 0.1 16.9 ± 0.1 0.3 ± 0.2
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found to interact similarly, with linseed oil presenting some larger
fractions broken down at higher temperatures around 753 K.
Although treatment with oil is shown to increase the overalllevel of volatile components contained in wood pellet species, the
inﬂexion point shown in the derivative thermogravimetric (DTG)
curves in Fig. 4b is found to be recorded at roughly the same point
between 651 K and 653 K regardless of treatment. The key
Fig. 4. TG (a) and DTG (b) curves for untreated and oil treated wood pellets.
Fig. 5. TG curve for pure parafﬁn, castor, mineral and linseed oil.
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Fig. 4a and b show that treatment of wood pellets with either
mineral or parafﬁn oil increases the level of volatile components
arising at lower temperatures, broadly between 423 K and 573 K,
and conversely that treatment with either castor or linseed oil in-
creases the level of volatile components arising at higher temper-
atures between 683 K and 753 K.3.5. Potential drawbacks of oil treatment
While wood pellet treatment with oil has been shown to vastly
improve the moisture stability of wood pellets and positively
improve wood pellet heating value, it is timely to assess the po-
tential drawbacks of oil treatment. Perhaps chief in mind is the
effect oil treatment has on gaseous emissions arising during pellet
combustion, and more speciﬁcally, carbon dioxide emissions. Due
to each of the oils used for treatment having a higher carbon con-
tent per unit mass than the pellets being treated, oil treatments
bring about a net increase in the carbon content per unit mass of
fuel. Taking an average carbon content for forestry residues (a
common raw material for wood pellet production) as 51.4% [16],
and a carbon content for mineral oil as 84% [17] means that wood
pellets treated with mineral oil generate around 3.1% more carbon
dioxide per unit mass of fuel combusted than their untreated
counterparts (assuming treatment with mineral oil increases wood
pellet mass by 5.2 wt%).
While wood pellet treatment with oil increases the proportion
of carbon dioxide emissions per unit mass, a trade off exists be-
tween increased carbon emissions and increased heating value. In
the case of mineral oil, it can be seen that oil treatment actually
brings about an increase in the amount of energy released per unit
mass of carbon dioxide generated by approximately 3.3%, and
therefore, overall can be said to impact carbon emissions positively
from the standpoint of energy production. However, strong
consideration should be given to this trade off when assessing the
type of oil used for treatment.
A further issue to consider when assessing wood pellet treat-
ment is the effect oil treatment has on the storage and transport
properties of wood pellets, especially with respect to self-heating
and self-ignition. Studies carried out with lignocellulosic mate-
rials impregnated with linseed oil have indicated self-heating of
organic species to take place at low temperatures due to oxidation
reactions initiated by singlet oxygen formation in the presence light
[18]. Studies speciﬁcally carried out with cotton soaked with
linseed oil have even indicated self-heating to occur at room tem-
perature [18]. As such, if wood pellet treatment with oil is to be
adopted as away inwhich to combat insufﬁcient moisture stability,
further study into the effect of oil treatment on the self-heating of
wood pellets is urged.
Where transport and handling of oil treated wood pellets is
concerned, no dramatic alteration in the handling properties of
wood pellets has been observed. Tests carried out with a feed
system developed for high pressure processes [7] consisting of two
hoppers operating in series, eachwith an outlet diameter of 73mm,
highlighted no variation in discharge rate. Both untreated and oil
treated pellets were found to have a discharge rate of approxi-
mately 0.8 kg s1. While this result does not deﬁnitively mean that
there are no changes in the handling properties of wood pellets due
to oil treatment, it provides a strong indication that little change
will be observed.
4. Conclusions
Moisture stable wood pellets have been produced through
treatment with a range of oils. Parafﬁn oil, castor oil, mineral oil and
linseed oil have been investigated in this study, and all oil types
have been shown to increase the moisture stability of wood pellets.
Wood pellet strength was shown to be unaffected by submersion in
water for up to 1800 s for all oil treatments, and results were found
to compare favourably with tests carried out with untreated wood
pellets. The strength of untreated pellets was found to decrease by
approximately 94% after being submerged in water for only 60 s,
and pellet swelling was found to take place immediately after
J.M. Craven et al. / Biomass and Bioenergy 80 (2015) 278e285 285contact with water. All oil treatments were also found to increase
wood pellet heating value. The energy content per unit mass of
wood pellets was found to increase on average by 5.7%, and the
energy content per unit volume was found to increase on average
by 11.8%. In addition to this, oil treatment was found to decrease the
level of airborne ﬁnes generated through milling, and concentra-
tions of particle sizes generated were not found to be signiﬁcantly
different to those arising from untreated pellets.
Acknowledgements
The authors gratefully acknowledge the Engineering and Phys-
ical Science Research Council (EPSRC) EP/G037477/1 and the
Biomass and Fossil Fuels Research Alliance (BF2RA) for their
ﬁnancial support. Special thanks go to Greg Kelsall (BF2RA), Peter
Sage (BF2RA), Dr David Peralta-Solorio (E.ON), Keith Penny and
Mark Jones (University of Shefﬁeld) for their technical support.
References
[1] M. Cocchi, L. Nikolaisen, M. Junginger, C. Sheng Goh, J. Heinim€o, D. Bradley,
R. Hess, J. Jacobson, L.P. Ovard, D. Thr€an, C. Hennig, M. Deutmeyer,
P.P. Schouwenberg, D. Marchal, Global Wood Pellet Industry Market and Trade
Study, IEA Bioenergy Task 40 Sustainable Bioenergy Trade, 2011. Available
from: http://bioenergytrade.org/downloads/t40-global-wood-pellet-market-
study_ﬁnal_R.pdf [Accessed 18th January 2015].
[2] P€oyry, Pellets - Becoming a Global Commodity? Global Market, Players and
Trade to 2020, P€oyry, 2011. Available from: http://www.poyry.co.uk/sites/
www.poyry.co.uk/ﬁles/110.pdf [Accessed 18th January 2015].
[3] C. Verhoest, Y. Ryckmans, Industrial Wood Pellets Report, PellCert, Intelligent
Energy Europe, 2012. Available from: http://ec.europa.eu/energy/intelligent/
projects/sites/iee-projects/ﬁles/projects/documents/pellcert_report_on_
pellets_for_power_use.pdf [Accessed 18th January 2015].
[4] C. Calderon, J.M. Jossart, G. Gauthier, C. Rakos, European Bioenergy Outlook
2013-Statistical Report, AEBIOM, European Biomass Association, 2013. Avail-
able from: http://www.greenpartnerships.eu/wp/wp-content/uploads/
AEBIOM_European-Bioenergy-Outlook-2013-Copy.pdf [Accessed 18th
January 2015].[5] B. Flach, K. Bendz, K. Roswitha, S. Lieberz, EU Biofuels Annual 2013, USDA
Foreign Agricultural Service, 2013. Available from: http://gain.fas.usda.gov/
Recent%20GAIN%20Publications/Biofuels%20Annual_The%20Hague_EU-27_8-
13-2013.pdf [Accessed January 2015].
[6] R. Sikkema, M. Steiner, M. Junginger, W. Hiegl, M.T. Hansen, A. Faaij, The
European wood pellet markets: current status and prospects for 2020, Bio-
fuels, Bioprod. Bioreﬁning 5 (3) (2011) 250e278.
[7] J.M. Craven, J. Swithenbank, V.N. Shariﬁ, D. Peralta-Solorio, G. Kelsall, P. Sage,
Development of a novel solids feed system for high pressure gasiﬁcation, Fuel
Process. Technol. 119 (0) (2014) 32e40.
[8] S.Z. Hashemi, Studies on Encapsulation of Pelletized Biomass, University of
British Columbia, Vancouver, 2013. Available from: http://elk.library.ubc.ca/
bitstream/handle/2429/44683/A%20DSpace%20testathon%20document.docx?
sequence¼1 [Accessed 18th January 2015].
[9] I. Obernberger, G. Thek, The Pellet Handbook: the Production and Thermal
Utilisation of Biomass Pellets, ﬁrst ed., Earthscan Ltd, London, Washington DC,
2010.
[10] M.J. Kuokkanen, T. Vilppo, T. Kuokkanen, T. Stoor, J. Niinim€aki, Additives in
wood pellet production e a pilot-scale study of binding agent usage, Bio-
Resources 6 (4) (2011) 4331e4355.
[11] J. Berghel, S. Frodeson, K. Granstr€om, R. Renstr€om, M. Ståhl, D. Nordgren,
P. Tomani, The effects of kraft lignin additives on wood fuel pellet quality,
energy use and shelf life, Fuel Process. Technol. 112 (0) (2013) 64e69.
[12] D. Tarasov, C. Shahi, M. Leitch, Effect of additives on wood pellet physical and
thermal characteristics: a review, ISRN For. (2013), http://dx.doi.org/10.1155/
2013/876939.
[13] A. Hyv€onen, P. Piltonen, J. Niinim€aki, Biodegradable Substances in Wood
Protection. Sustainable Use of Renewable Natural Resources e from Principles
to Practices, University of Helsinki Department of Forest Ecology Publications,
2005. Available from: http://www.helsinki.ﬁ/metsatieteet/tutkimus/sunare/
54_Hyvonen_etal.pdf [Accessed 18th January 2015].
[14] A. Wiedenhoeft, Structure and Function of Wood. Wood Handbook: Wood as
an Engineering Material, United States Department of Agriculture Forest
Service, Madison, Wisconsin, 2010.
[15] M.S. Islam, S. Hamdan, M. Rusop, M.R. Rahman, A.S. Ahmed, M.M. Idrus,
Dimensional stability and water repellent efﬁciency measurement of chemi-
cally modiﬁed tropical light hardwood, BioResources 7 (1) (2012) 1221e1231.
[16] D. Neves, H. Thunman, A. Matos, L. Tarelho, A. Gomez-Barea, Characterization
and prediction of biomass pyrolysis products, Prog. Energy Combust. Sci. 37
(5) (2011) 611e630.
[17] M.F. Hordeski, Alternative Fuels: the Future of Hydrogen, second ed., Fairmont
Press Inc, Lilburn, GA, 2008.
[18] Juita, B.Z. Dlugogorski, E.M. Kennedy, J.C. Mackie, Low temperature oxidation
of linseed oil: a review, Fire Sci. Rev. 1 (3) (2012).
